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ABSTRACT
This thesis investigates the feasibility of determining the loads occurring at the tire/road
interface of an automobile by strain gage readings taken at the bearing cup. This
knowledge could then be used to design a load sensing automobile bearing that could be
incorporated into a dynamic control system for an automobile. This paper presents the
results of tests performed on Timken TM automotive bearings that were equipped with
strain gages in various positions on the bearing cup. These tests consisted of applying
loads to the bearings and recording the strain that was measured by the strain gages. A
matrix was then constructed for each bearing, which relates the strains on the bearing to
the loads, which are occurring at the tire/road interface.
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1. INTRODUCTION
This section first presents the need for a load sensing bearing. It then explains some of the
fundamentals of a tapered roller bearing. Lastly, it presents the geometry and loading of
the specific automotive bearing chosen for this analysis.
1.1 NEED FOR LOAD SENSING BEARING
Vehicle dynamic control systems (VDCs) are rapidly being introduced by automotive
manufacturers to enhance vehicle safety. These systems are designed to eliminate any
discrepancy between the driver's desired motion and the actual motion of the vehicle. In
certain situations a vehicle does not behave in the way that the driver intends. Figure 1.1
shows a cornering situation where the driver's desired path is different from the actual
path the automobile is taking.
Figure 1.1: Vehicle negotiating the same degree turn under different slip conditions.
Typical drivers are not used to driving an automobile that is right at the limit of
adhesion between the tires and the road.' A driver often loses control of his or her vehicle
under these conditions because there is no way for the driver to know what the lateral
stability of the vehicle is. If the vehicle is past the point of tire adhesion, the driver will
often understeer. Likewise, if the driver incorrectly feels like the vehicle is past the point
of tire adhesion, the driver will often oversteer. Without accurate, real-time knowledge of
the adhesion of the vehicle's tires on the road, the driver often makes incorrect
adjustments to the vehicle's steering angle, brake pressure and throttle position.
Another way to think of this, is in terms of the transfer function between steering
wheel angle and the yaw rate of the vehicle. Drivers often make incorrect adjustments
when they sense that the transfer function between the steering wheel angle and the yaw
rate of the vehicle differs from the normal transfer function.2 A driver expects a certain
relationship between driver input and vehicle response. When this relationship is different
from what the driver expects, the vehicle is no longer under the driver's control. In
certain circumstances the driver will be able to regain control, yet in other situations this
lose of control can lead to an accident. For instance, when a driver senses that the
vehicle's lateral acceleration is changing when no change has been made to the angular
position of the steering wheel, the driver will attempt to fix this situation. Since the driver
really has no way of knowing the adhesion between the tires and the road, the driver will
often make incorrect adjustments which actually serve to decrease the driver's control
over the vehicle. It is at this point, when the vehicle is out of the driver's control, that
many accidents take place.
In an automobile equipped with a VDC system, there are sensors that measure the
steering wheel angle, the accelerator pedal position, and the brake pressure. This sensor
information is used to determine the driver's desired motion, or the course the driver
intends for the automobile. The actual motion of the vehicle is derived from sensor
1 Zanten, SAE Paper #950759, P9
2 Zanten, P9
readings of the vehicle's lateral acceleration and yaw rate. The VDC system minimizes the
difference between the desired motion and the actual motion by regulating the engine
torque and the individual wheel brake pressures.
Currently, VDC systems estimate the forces present at the tire-road interface of the
vehicle using measurements of yaw rate and lateral acceleration combined with
assumptions regarding tire performance and an extensive data base of tire performance
parameters. The VDC system designers believe that these systems can be significantly
improved by incorporating real-time sensor readings that indicate these loads. This
project is to determine whether the bearing cup can be used as an instrument to monitor
the automotive wheel loads, replacing the estimations and assumptions of the current
VDC systems with force and moment data from the wheel of the automobile.
1.2 TAPERED ROLLER BEARING OVERVIEW
A tapered roller bearing consists of four main components. Figure 1.2 shows a cross
section of a typical single-row tapered roller bearing.
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Figure 1.2: Components of a tapered roller bearing.
The components are the cone (inner ring), cup (outer ring), the rollers and the cage. The
cone, cup, and rollers are the components that carry load. The cage serves to maintain
roller spacing and orientation. The tapered roller bearing's geometry allows the bearing to
carry both radial and thrust loads. The fact that the rollers and the raceways are in line
contact also gives tapered roller bearings a high stiffness and load capacity in the radial
direction. The tapered roller bearing's capability to carry combined radial and thrust loads
along with the bearing's high load carrying capacity makes the bearing suitable for many
different applications. Automobile wheels are one application that requires this ability to
handle large combined loads.
1.3 BEARING LOADING
The main loads on a bearing are the thrust load and the radial load. These loads are
shown acting on a bearing in Figure 1.3.
Figure 1.3: Loads on a bearing.
The radial load is directed along radii of the bearing and the thrust load is directed axially.
The bearing also experiences moments about its axes. The moment about the bearing's x
axis is termed the overturning moment, the moment about the z axis is termed the aligning
moment, and the moment about the y axis is termed the wheel torque. These moments
can also be seen in Figure 1.4.
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Figure 1.4: Moments acting on a bearing.
These loads on the bearing form load zones that can be used to determine the
loading on individual rollers. A radial load and the resulting load zone are shown in
Figure 1.5.
Figure 1.5: Load zone due to a radial load.
The load zone causes the load on each roller to change as the roller goes around the cone.
In Figure 1.5, the heaviest loading occurs directly opposite the point of application of the
radial load. The load zones for a pure thrust load and combined radial and thrust loads are
shown in Figure 1.6.
Figure 1.6: Load zone for a pure thrust load (left) and combined radial and thrust (right).
Analysis of the load zones of a bearing under different loading configurations can be used
to predict the areas of the bearing that will undergo the most stress and strain. This
information can be used to determine the behavior and life of the different bearing
components. In this project, prediction of the load zone was used as a tool to determine
which areas of the bearing would be good places to measure the loads being applied.
1.4 SENSOR-PACTM BEARING OVERVIEW
The bearing studied in this project is Timken's 45mm Sensor-pacTM automotive bearing.
The Sensor-pacTM line of bearings can be found in numerous light truck, full-size truck and
sport-utility applications. Figure 1.7 shows a 45mm Sensor-pac TM bearing.
Figure 1.7: Front view of 45mm Sensor-pac TM bearing.
The Sensor-pac TM bearing is a double-row bearing with mounting flanges. Up to this
point, only single row bearings have been discussed. A double row bearing can be thought
of as two single row bearing pressed up against one another as shown in Figure 1.8.
Figure 1.8: 45mm Sensor-pacTM bearing (left) and two single row bearings (right).
Double row bearings with integral mounting flanges have many advantages over
the use of single row bearings. One such advantage is the increased load capacity due to
having two sets of rollers to carry the load. Prior to the introduction of double row
bearings, two separate single row bearings were mounted on automobile axles. The
introduction of a double row bearing served to pack more load carrying capacity into a
single part that takes up less room in the wheel assembly. Another advantage is the ease
of installation due to the mounting flanges. The cup of the 45mm Sensor-pac TM bearing
is mounted to the steering knuckle of the automobile by three bolts space 60 deg. apart
(other Sensor-pac T models have differing flange geometry). The boltholes are located
on the flanges of the cup. The cone is pressed onto the automobile axle and then the
mounting nut is tightened to a specific torque in order to preload the bearing. The 45mm
Sensor-pacTM bearing also has a speed sensor centered in the bearing that is used by the
automobile to measure the speed at which each wheel is rotating. Knowledge of
individual wheel speeds can then be used by the vehicle for anti-lock braking and traction
control systems.
The Sensor-pac TM bearing was chosen for this project because of the convenient
geometry of the bearing, the available speed information, and the growing popularity of
the Sensor-pac M style bearing.
2. ANALYSIS OF AUTOMOTIVE BEARING LOADS
In this section basic equations for the loads on an automobile during straight line driving
and during cornering are derived. Figure 2.1 shows the forces acting upon an automobile
during straight line driving.
Figure 2.1: Loads during straight line driving.
In Figure 2.1, the weight of the vehicle, W, has been broken up into the two forces WsinO
and WcosO. Nf and Nr are the normal forces on the front and rear tires, in response to the
vehicle's weight. Fxf and Fxr are the tractive forces at the tire/road interface. DA is the
drag force on the car.3
In order to derive expressions for the axle loads the vehicle, moment equilibrium
equations were constructed using Newton's Second Law. These equilibrium equations
result in the expressions for Nf and N,, that are shown in equations (2.1) and (2.2).
(Wccoso- jaxhCG -DAha -WhCG sinj
g (2.1)Nf =f
3 Gillespie pp 11 ,12
WbcosO+ axhCG + DAha + WhcG sin
Nr = (2.2)
where ax is the longitudinal acceleration of the vehicle. In these equations all forces
occurring on the tires are assumed to be acting at the center of the tire/road contact patch.
For straight line driving, the values for Nf and Nr can then be divided in half to find the
load at each wheel of the automobile (assuming no vehicle roll, road bank or road crown).
During cornering however, the loads on the automobile are more complicated.
Figure 2.2 shows a rigid vehicle model (no suspension effects) of the loads on an
automobile during cornering.
-hCG
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Figure 2.2: Automobile during cornering.
In this picture the automobile is turning about a point located at a distance "r" in the
positive "x" direction. The weight of the automobile during a cornering situation is no
longer evenly divided between the left side and right side tires. During cornering there is a
shift of weight from the inboard tires to the outboard tires. This shift in weight can be
determined by summing the moments about the points of tire/road contact. These moment
equations can then be solved for the loads on both the inboard and outboard tires, as
shown in equations (2.3) and (2.4):
Wa hG av
N,= 2 - _ Wax (2.3)2 t g
Wa hCG a
No _ x + -WCG ax (2.4)
2 t g
where N, is the normal force on the inboard tire, No is the normal force on the outboard
tire, Wax is the axle load (Nf or Nr, respectively), t is the track width, av is the centripetal
acceleration, and av/g is the centripetal acceleration as a fraction of earth's gravitation "g."
In order for the car to negotiate a turn, centripetal acceleration must be produced.
In order for the car to have centripetal acceleration, a component of the forces on the
automobile must also be directed inward along the car's turning radius. These forces,
lateral to the automobile, are shown in Figure 2.2 and are labeled C, and Co. These lateral
forces, however, cannot be readily solved for. The net lateral force needed to negotiate a
turn can be solved for, yet how that load is distributed between the inboard and outboard
tires is an indeterminate problem. A good way of estimating these loads is to assume that
the lateral forces change in the same ratio as the normal forces. 3 The resulting formula for
the lateral forces is shown in equation (2.5),
a
C (,o) - N1. (2.5)
The application of the Sensor-pac TM bearing being studied in this analysis is in the
front wheels of a Ford Explorer TM sport utility vehicle. The inboard and outboard loads
for different "g" level (av/g) turns are shown in Table 2-1.
3 The Timken Company's Automotive Bearing Applications Handbook © 1985 . P. 49, 50
Table 2-1: Wheel loads in (lbsf) on a sport utility wagon for different turning rates.*
Turn (av/g) No Co N, C,
O 1449 0 1449 0
0.1 1588 164 1310 136
0.2 1727 356 1171 244
0.3 1866 575 1032 325
0.4 2005 822 893 378
0.5 2144 1097 754 403
0.6 2283 1400 615 400
0.7** 2422 1731 476 369
0.8** 2560 2089 338 311
0.9** 2699 2475 199 225
1.0** 2838 2889 60 111
*where Wax=28981b, t=58.3in and hcG=27in.
**These values are purely theoretical since
levels.
a Ford ExplorerTM cannot corner at such g
2.1 AUTOMOBILE WHEEL ASSEMBLY
The automotive wheel bearing is mounted between the axle of the automobile and the
wheel. Figure 2.3 shows the 45mm Sensor-pac TM bearing mounted in it's application.
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Figure 2.3: Automotive wheel assembly showing a 45mm Sensor-pacTM bearing mounting configuration.
As Figure 2.3 shows, the bearing is the link between the vehicle's suspension system and
the vehicle's wheels. Being in this position means that all of the forces on the tire must
get transmitted through the bearing. The bearing, therefore is in a favorable location to
detect the loads acting on a vehicle.
3. TESTING APPARATUS
The equipment needed to run tests on the strain-gaged bearings includes two main
components. These components are the hydraulic bearing test rig and a data acquisition
system (DAQ system).
3.1 TEST RIG AND FIXTURE
The testing of the strain-gaged bearings took place on bearing test rigs at The Timken
Company's Research facility in North Canton Ohio. These test rigs have the ability to
apply radial, inboard cornering and outboard cornering loads to a rotating bearing. Figure
3.1 is a picture of the test rig.
Figure 3.1: Bearing test rig.
All controls for the test rig are located in the cabinet labeled "Controller" in Figure 3.1.
The controller can set the loads that are applied to the bearing, as well as the speed at
which the bearing is rotating. These test rigs are closed-loop controlled, with the
controller unit continuously trying to match the loads being applied to the bearing to the
desired loads it has been programmed to apply. The controller is first fed a desired
loading sequence by an operator and then the controller attempts to apply this load to the
bearing. The controller monitors the loads it is applying to the bearing via load cells. The
test rig applies radial and cornering loads to the bearing through hydraulic cylinders. Load
cells between these cylinders and the fixture holding the bearing in place provide the
controller with a means of monitoring the loads being applied. The feedback loop of the
test rig, however, is relatively slow. These rigs are normally used for long duration, life-
testing of bearings, where loads are applied to bearings for long time intervals. This slow
feedback loop limited the dynamics of the testing that could be performed on the strain-
gaged bearings, because of the time it took the rig to change from one load level to the
next.
The bearing is loaded via the fixture pictured in Figure 3.2.
Figure 3.2: Fixture (also known as the bearing adapter) used for mounting the bearing to the test rig.
In Figure 3.2, the arrow labeled "Bearing" is pointing toward the bearing being tested.
The bearing itself, however, cannot be seen. The bearing is located between the fixture
and the spindle of the test rig. The ends of the mounting bolts which hold the bearing to
the fixture, the axle which runs through the center of the bearing and the wires coming
from the strain gages mounted on the bearing can all be seen coming through the fixture.
The cylinder, in the lower left of Figure 3.2 applies the cornering load, and the cylinder in
the upper right applies the radial load.
In order to understand how the test rig simulates the load present on an
automotive bearing, the loading of a 45mm Sensor-pacTM bearing was studied. Figure 3.3
shows the loading on a 45mm Sensor-pac TM bearing as mounted on a Ford ExplorerTM
axle assembly, which is one of the commercial applications of this bearing.
Figure 3.3: Loading of 45mm Sensor-pac bearing in the Ford ExplorerTM application.
In the Ford ExplorerTM , the wheel is driven by a moment transmitted from the constant
velocity joint (C.V. joint), through the axle and bearing cone (the bearing cone is press-fit
onto the axle), through the hub which is integral to the axle, to the wheel rim, tire and
finally to the road. The radial load on the bearing is caused by the normal force of the
23
road on the tire. This force serves to push the top of the axle and bearing cone vertically
into the bearing cup. The cornering load in the Ford ExplorerTM application is due to the
lateral forces present on a tire during cornering. In relation to the bearing axis, these
cornering loads act at a perpendicular distance equal to the tire radius (nominally 13.2
inches). The propulsion load, the force that propels the car forward is not being simulated
during these tests. The propulsion load is an additional radial load, which is orthogonal to
the weight of the vehicle (or normal load of the wheel on the road).
The bearing test rig has the ability to simulate the radial load and both the inboard
and outboard cornering loads on a bearing. Figure 3.4 shows a cross-section of the
bearing mounted on the test rig.
Spindle
IRadial Load
Bearing Adapter
. (or Mounting Fixture)
.__Axle
x- e ------ -Bearing Axis
*+ Cornering Load
"tire/road interface"
Figure 3.4: Cross section of test fixture.
One difference between the test rig simulation and the actual application is that the
wheel hub receives the drive torque from the spindle, instead of the C.V. joint receiving
the torque. That is, instead of the torque coming from the right in Figure 3.4, the torque
comes from the left. This difference, however, is only important for visualizing how the
test rig works. Since we are only interested in strain measurements at the bearing cup,
reversing the direction of the drive torque will have a negligible effect on the strain data
collected.
Correct application of the radial load by the test rig also required careful
consideration. In the test rig, the radial load is applied by a hydraulic actuator pushing on
the fixture that holds the bearing in place. This fixture (or bearing adapter) takes the place
of the steering knuckle shown in Figure 3.3. The bearing cup is mounted to the fixture by
bolts through the bearing's three mounting flanges. When the hydraulic actuator applies a
load to the fixture, the bearing cup also sees this load. Figure 3.4 shows the application of
this radial load. This loading causes the top of the cup to get pushed downward towards
the cone, which is equivalent to the radial load application in the actual application where
the axle and cone get pushed upward into the bearing cup.
The other two loads applied by the test rig are the outboard and inboard cornering
loads. The test rig applies these loads by pushing or pulling the arm of the fixture. The
distance from the bearing centerline to the application of these cornering loads is set equal
to the radius of the tire.
The next step in preparing for testing the strain-gaged bearings, was to design and
build a fixture specific to the 45mm Sensor-pacTM Ford ExplorerTM application.
Unfortunately, the fixture used by the Timken Company for previous tests on the 45mm
Sensor-pacT" bearing had been designed incorrectly. The fixture did not hold the bearing
in the proper orientation. Figure 3.5 shows the fixture that Timken had previously used
for testing 45mm bearings along with the new fixture that places the bearing in its proper
orientation.
Figure 3.5 New fixture (left) versus old fixture (right).
The fixture on the left is the new fixture and the fixture on the right is the old fixture. The
difference between the two is rather significant. Using the old fixture would cause the
strain readings at the bearing to be completely inaccurate. Since the hub is mounted
securely to the spindle, in order to simulate the radial load on the bearing due to the
normal force of the tire on the road, the bearing cup is pushed downward towards the
cone. In the old fixture, the bearing is rotated 60' clockwise from the correct orientation.
This causes the side of the bearing with the speed sensor mounted in it to receive the
maximum loading due to the radial load. In the actual application the top flange of the
45mm Sensor-pacTM bearing receives this maximum loading. Figure 3.6 shows the 45mm
bearing in the correct orientation receiving the correct radial load distribution.
4
Direction of forward
vehicle travel
Figure 3.6: 45mm Sensor-pacTM in proper orientation.
3.2 DATA ACQUISITION SYSTEM AND ELECTRONICS
3.2.1 Data Acquisition System
The DAQ system used for these experiments is comprised primarily of components
purchased from National Instruments. A table listing all of the components in the DAQ
system can be found in Appendix A.
The main components of the DAQ system are the 5B-38 strain gage signal
conditioning modules, the DAQCard 700, and the LabVIEW software. The signal
conditioning modules (strain gage input modules)were chosen because they offered
internal wheatstone bridge completion and 5 volt signal amplification. The DAQCard 700
was chosen because it allowed for 16 strain gages to be monitored simultaneously,
accepted digital input, and because it fit into the PCMCIA slots available on laptop
computers. The use of a laptop computer was important since future testing may be
performed on bearings mounted on an actual vehicle. LabVIEW software was chosen
because of its compatibility with the DAQCard and because of its convenient block
diagram based programming. Figure 3.7 shows a block diagram of the data acquisition
system.
Toshiba Laptop National 5B-Series Signal 5V Power
with Labview Instruments Conditioning Supply
Software DAQ-Card 700 Backplane
-------------------- - - Additional
' ' IModules
Figure 3.7: Block diagram of the data acquisition system.
3.2.2 Signal Conditioning
The 5B-38 strain gage signal conditioners provides three important functions. The first
function is the 3.3Vexcitation to the strain gages being monitored. Since the strain gages
being used are small, the voltage applied to them has to be kept low. A large voltage
would cause the gages to generate too much heat, thereby causing inaccurate strain
measurements and also causing the gage adhesive to degrade or melt.
Analog Signal
Digital Signal
-- .... 5 Volt Power
4 ------ 3.3 Volt Excitation Power
Another function provided by the 5B Series is the internal wheatstone bridge
completion. The wheatstone bridge configuration used for these experiments can be seen
in Figure 3.8.
Figure 3.8: Wheatstone bridge configuration.
This bridge configuration is referred to as a quarter bridge configuration (A full bridge has
a gage on each four of the bridge's legs, a half bridge has gages on two legs.) The
formula which relates the strain (E) to the voltage measured (Vour) is shown in equation
3.1. 5
4 Vout - vimt
strain (-) = Vex
G 1+2 Vot - Vmit
Gt+XL
(3.1)
where c is the strain that is calculated, Vout is the voltage measured across the bridge, V,mt
is the initial voltage of the strain gage after it is mounted in the bridge configuration, Vex is
5 LabVIEW Data Acquisition VI Reference Manual. P.21-8
Vex
the excitation voltage applied across the bridge (see Figure 3.8), and G is the gage factor.
The gage factor is the measure of a strain gage's sensitivity. It is the ratio of AR/Ro to
AL/L where Ro is the initial unstrained resistance of the gage, AR is the change in
resistance, and AL/L is the strain.
The voltage across the wheatstone bridge, Vout, was then amplified by a factor of
500. This amplification served two purposes. The first reason for the amplification was to
reduce the effects of interference as the signal was transmitted from the signal conditioner
to the DAQCard 700. Since the voltage produced by a change in a strain gage's
resistance is small, interference can easily dominate the signal. Another reason for the
amplification was to maximize the resolution of the analog to digital conversion. The
amplified signal from the signal conditioner was sent from the signal conditioners to the
DAQCard 700 where the analog to digital conversion took place. The DAQCard 700
A/D converter has a 12 bit conversion across an input range of ±5 volts. The V,,, from
the bridge is on the order of millivolts, so amplification is needed in order to span the input
range of the A/D converter.
Both the wheatstone bridge completion and the signal amplification are done
internal to the signal conditioner. Figure 3.9 shows the layout of the strain gage and signal
conditioner.
Figure 3.9 Signal Conditioner layout.
3.2.3 Load Monitoring
The loads being applied to the strain-gaged bearings are also monitored. This is done by
tapping into the load cell information that is already present on the test rig. The load cell
located between the hydraulic piston applying the cornering moment and the load cell
applying the radial load are monitored. These load cells are also used by the test rig itself,
for controlling the amount of pressure that is needed at each hydraulic cylinder in order to
meet the desired load. The loading information gathered at the load cells is routed to the
test rig. These wires are connected to the test rig electronics via screw terminals. In
order to record this load cell information, shielded wires are run from these screw
terminals to the data acquisition system being used to record the strain measurements.
In the first attempt to monitor these loads, the wires from the screw terminals are
fed directly into the 5B backplane. Appendix B shows a schematic of the 5B backplane.
External to Signal Conditioner Internal to Signal Conditioner
+Vex
Strain Gage e
R2 Vex
+
x50 0
R4
Precision Resistor R2 =R4
(120 Ohms)
-V- - - - - - - - ------------
Conveniently, the load information supplied from the load cell is a voltage ranging from 0
to +5 volts. This voltage range allowed for the signal from the load cell to be routed
directly into the 5B backplane, without the use of a signal conditioner. The 5 volt range
from the load cell was already large enough to obtain good resolution at the A/D
converter. Routing the signal directly into the data acquisition system, however, did not
turn out to be a viable solution. Attaching the data acquisition system to the load cell/test
rig control circuit caused a change in the load being read by the test rig. This is because
adding the data acquisition system changed the impedance seen by the load sensor circuit
and therein caused the voltage being read by the test rig to be lowered.
In order to remedy this drop in the load reading by the test rig, a voltage follower
was added between the screw terminals and the 5B backplane. A block diagram of the
load cell, voltage follower and data acquisition system is shown in Figure 3.10.
Figure 3.10: Block diagram of load monitoring circuit.
A diagram of the voltage follower and the pin diagram of the specific op-amp implemented
in the voltage follower are shown in Figure 3.11.
Offset null
Inverting
input
Non-inverting
input
V(-) (-12V used)
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V(+) (+12V used)
Output
I Offset null
Figure 3.11: Op-Amp voltage follower (top) with pin diagram of LM741CN op-amp (bottom).
The voltage follower allowed the data acquisition system to monitor the load cell signals
with minimal effects on the test rig's circuitry. The voltage follower used had a large
input impedance, a low output impedance and unity gain. With the voltage follower in
place the voltage from the load cell could then be recorded.
3.3 DATA ACQUISITION SOFTWARE
Figures 3.12 and 3.13 show the Labview program that was written for acquiring the strain
age and load cell information. Figure 3.12 is the front panel of the program. The front
panel is the user interface with the program. From this panel the user can start and stop
the acquisition of data, set the scan rate, choose which channels to monitor, and choose
whether or not to save the data to disk. The front panel also provided the user with a plot
of data versus time. The top graph shows the voltage across each strain gage versus time,
and the bottom two show the radial and thrust loads versus time.
Figure 3.13 is the program that was written for monitoring the strains and loads.
The block labeled "AI MULT PT" is the starting point for the program. This block is
known as a virtual instrument, or VI. This VI acquires the specified number of scans from
the input channels at the specified rate and returns the acquired data in units of volts. The
voltage information is then split up into the signals from the strain gages and the signals
from the load cells. The strain gage signals are then routed to the graph on the front panel
and stored on the hard drive of the computer. In earlier editions of this program, the
voltages from the strain were converted to strain before being displayed and saved to disk.
For the final version of the program, however, the information from the strain gages were
recorded as voltages, and the conversion to strain was done after the information was in a
spreadsheet. This was done in order to have the voltage data as well as the strain data
available for future analysis (The program could have remained in it's original form and
the voltages could have been "back calculated" from the strain data, yet recording the
voltages directly seemed more logical). The load cell signals are also routed to the
corresponding graph on the front panel and stored on the hard drive. First, however, the
voltages recorded from the load cells are converted to units of force (lbs.) This was done
by first monitoring the load monitored by the test rig and the voltage monitored by the
data acquisition system. Fortunately, the load cells have a linear relationship between
voltage and load and calibration involved recording the voltage and corresponding load at
two points.
Figure 3.12: Front Panel/User interface of DAQ program.
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4. FINITE ELEMENT ANALYSIS
A finite element analysis (FEA) was performed on the 45mm Sensor-pacTM bearing in
order to map out the response of the bearing cup to applied load. This knowledge of the
bearings cup's response to load was then used to determine viable strain gage locations for
testing. The FEA results were also used as a rough check on the magnitudes of strain that
were calculated from the strain gage readings taken from the instrumented bearings.
4.1 FEA PROCEDURE
The FEA consists of three main steps. The steps are model creation, processing, and post-
processing. The model creation is done using the finite element package known as FAM
(Field Analysis Modeller Version 3 by FEGS Limited). The processing step was done
using a FEA software package known as ABAQUS (Version 5.4). The last step is the
post-processing. The post-processing consisted of taking the analysis information from
ABAQUS and importing them back into FAM where color plots of stress and strain were
created.
4.2 MODELING CONSIDERATIONS
The first step in model creation was deciding how each bearing component needed to be
modeled. It was decided that the FE model would consist of only a half model of the
bearing. The main motivation for using a half model was to reduce the size of computer
files and the length of computer processing time. The symmetry of the bearing's geometry
and the loading made the use of a half model possible. Figure 4.1 shows the loads on a
45mm Sensor-pacTM bearing.
Figure 4.1 Radial and cornering loads on 45mm Sensor-pacTM bearing.
Since only half of the bearing was modeled, all the loads applied to the model were also
divided by two.
Another major decision was to only create a finite element model of only the
bearing cup. This was done in order to reduce the size and complexity of the model. The
other load carrying bearing components, the rollers and the cone, were simplified into
combinations of ideal beam and spring elements (the procedure for modeling all the
bearing components will be discussed in detail later in this section). Beam and spring
elements, however, can not be made using the FAM pre-processor software. This meant
that only the bearing cup would be created using the FAM software.
The next step in the model creation was the determination of the boundary
conditions on the bearing cup. Accurate boundary conditions are essential since all the
loads applied to the bearing cup occur at the cup's boundaries. Figure 4.2 shows the areas
on the cup where boundary conditions were modeled.
Upper
hole
Lower
bolt
hole
Cup Raceways
Symmetry
Plane
Figure 4.2: Picture of cup with boundary conditions labeled.
The mounting bolts, the bearing adapter, and the rollers all must be modeled in order to
accurately apply loads to the bearing cup.
4.3 MESH CONSTRUCTION
The half-cup model used in this analysis is shown in Figure 4.3.
Figure 4.3: Mesh for half cup model of 45mm Sensor-pacvM bearing.
The creation of this mesh was broken up into two main steps, the creation of the axis-
symmetric section and the creation of the flanges. The first step in the creation of the axi-
symmetric portion was to draw the cross section of the bearing cup in FAM. This cross
section was then divided up into a mesh of elements using an automatic meshing routine in
FAM. The mesh was then checked to make sure that none of the mesh elements created
were irregularly shaped. Once the mesh was acceptable, the cross section was swept
through 180 deg.. The creation of the flanges was similar. The face of the flange was
created and a mesh was generated. This mesh was then swept backward in order to give
the flanges the proper thickness. The flanges were then joined with the axis-symmetric
portion. The 3-D finite elements created from this mesh were assigned the Young's
modulus and Poison's ratio for steel.
Once the FAM model was complete an external file was created. This file was
used as the basis for the super element input deck and main input deck which were
processed using ABAQUS (the input deck creation will be discussed in detail in later
sections). In order to complete the main input deck, the boundary conditions on the mesh
had be determined.
4.3.1 Cone and Axle Model
It is through the axle and cone that the loads on the tire get transmitted to the rollers and
the cup. In order to model the axle and cone, beam elements were chosen. In order to
define a beam, the two nodes that the beam connects must be given, along with the beam's
material properties, the beam's cross-section and the beam's active degrees of freedom.
The three dimensional beam elements that were chosen allow for bending, twisting,
torsion and warping of the beam cross-section out of the plane. These linear beams use
Timoshenko beam theory and allow for linear elastic transverse shear deformation.6 In
this model, however, the beams were constricted not to twist about the axis of the bearing.
This twisting would have caused inaccuracies in the way the rollers were modeled.
Figure 4.4 shows the layout of the nodes and beam elements that were created in order to
model the cone and axle of the bearing. The spacing of the nodes used for the creation of
the beam was driven by the way the rollers were modeled. ( This spacing will be discussed
in the next section, Section 4.4.2.)
6 ABAQUS User's Manual P. 3.6.1-1
Figure 4.4: Nodes and beam elements along bearing centerline.
A major decision in modeling the cone and axle using a beam element was deciding what
diameter the beam should have. A beam element in ABAQUS can not have a varying
cross section. The outer diameter of the cone, however, is tapered. If the model being
created were of a full cup, a beam element with a diameter equal to the average cone
diameter would be a viable approximation. Figure 4.5 shows a cross section of the
bearing cone.
Non-mounting E I Mounting side
side
Beam elements
Nodes Load line
Figure 4.5: Beam model of the cone and axle.
For a half bearing model, however, the beam should have a semi-circular cross section.
This is because the bearing's axis lies on the symmetry plane that was used to divide the
cut the bearing in half (see Figure 4.2). ABAQUS, however, does not support beams with
semi-circular cross sections. Since the cone and axle behave mainly in bending, the basic
beam bending equation was examined to see what inaccuracies might occur due to using a
circular beam.
ML
6 - (4.1)
max El
where I is the polar moment of inertia of the cross sectional area, E is the Young's
Modulus of the material, 8max is the maximum deflection of the beam, M is the moment
being applied to the end of the beam and L is the length of the beam. The term in
Equation (4.1) that makes the cross sectional area of the beam important is the moment of
inertia term in the denominator. Equation (4.2) shows the equation for polar moment of
inertia.
I = r2dA, (4.2)
where dA is an element of the plane area A, and r is the distance of the element from the
axis. When this applied to a circular beam the equation becomes,
I D4  (4.3)
32
Combining equation 4.3 with equation 4.1 results in;
6ma ML (4.4)
max 4E D432
Since in a half bearing model all the loads are divided by two, the deflection of the beam's
centerline would be double what it should be. Equations 4.5 and 4.6 are expressions for
the deflection of a beam in a full bearing model and the deflection in a half bearing model.
full ML (4.5)
E--- D4
32
M
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E D4
32
where M is the actual load on the bearing. In a full model it would be applied in full, in
the half model it is divided by two. In order for the deflection of the beam in the half cup
model to be the same as the deflection in a full cup model the diameter of the beam in the
half cup model could be scaled down. In order to find this scaling constant X, equations
4.5 and 4.6 were set equal.
M
-L
/1 -__ ML _ hal 2 , (4.7)
E -- D4 E- (XD)432 32
Equation 4.7 shows that the diameter of the half cup model must be multiplied by a factor
1/ 2 (or - 0.841). In modeling the rollers it must be remembered that the deflection of
the centerline has been kept constant, the displacement of the outer diameter, however,
will not be the same. For this reason the displacement of the rollers must be tied to the
beam centerline, not to the beam's outer diameter.
4.3.2 Roller Model
The rollers were modeled using axial, compression only springs. Like the beams
discussed earlier, putting a spring between two nodes specifies how these nodes interact.
A compression only, axial spring provides a specified stiffness along a straight line
between the two nodes it connects. These springs were put in between nodes located on
the cup raceway, and nodes along the bearing centerline (the same nodes that were used to
define the axle/cone beam elements). The spacing of the nodes on the beam centerline
was such that the line of action of each the springs was perpendicular to the cup raceway.
Figure 4.6 shows the springs going between the cup raceway and nodes connecting the
beam elements along the bearing centerline. In the case of the rollers, compression only
springs were used, because if the cone moves away from the cup, the rollers do not act in
tension to prevent this. The rollers only provide a stiffness when the cone and cup
approach one another.
Figure 3.4 Spring and beam elements used to model boundary conditions.
Five springs were used to model each roller. The spring rates "k" of each spring
were determined by analyzing the contact deformation at the roller raceway contact.
Since the bearing being modeled was a tapered roller bearing, line contact was assumed to
exist between the roller and both the inner and outer raceways. The load-deflection
relationship for ideal line contact of steel rollers on a steel raceway is shown in Equation
(4.8)7:
Q = K81/9, (4.8)
where Q is the load on the roller, K load-deflection factor, and 8 is the approach between
the inner and outer raceways. The load-deflection factor "K" can be determined using
Equation (4.9)8:
7 Harris, Tedric Rolling Bearing Analysis John Wiley & Sons, Inc. 1984 p. 161
8 Harris, p.161
K = 1.14 x 107 L8 19 ,
where L is the slant length of the roller (0.4784 in.) Combining Equations (4.8) and (4.9)
results in the load deflection relationship shown in Equation (4.10):
Q = 5.92 x 10681019. (4.10)
This load deflection relationship is extremely linear (861/96). In order to find a stiffness
value for the spring used to model the rollers, this equation was linearized. The resulting
stiffness "k" is 9.9x107N/M. This value for k was used as the stiffness of each roller. This
value was then divided up into the five different springs along the length of the roller (see
Figure 4.6). The "k" values given to the springs at the small and large end of the roller
were only half that of the inner three springs. This was done in an effort to take into effect
the crown of the roller and raceways. In order to reduce stress concentration at the roller
ends, the rollers and raceways are crowned. By decreasing the stiffness of the springs at
the roller ends, the load distribution in the FEA model will more closely resemble the
actual loading.
Figure 4.7 shows the distribution of these springs along the raceway of the half cup
model. A 45mm Sensor-pacTM bearing has a compliment of 21 rollers. In the half cup
model, 10.5 rollers should be used. In order to accomplish this, the rollers positions were
set such that there was a roller located right on the symmetry plane (see Figures 4.6 and
4.7). The stiffnesses of the springs making up this roller were then divided by two. The
rest of the rollers were given the full stiffnesses and were spaced out evenly along the rest
of the raceway of the half cup model as shown in Figure 4.7.
(4.9)
4.3.3 Bearing Adapter* and Mounting Bolt Model
The bearing adapter was also modeled using springs. The stiffness of the springs used to
model the bearing adapter were calculated by first calculating the area of the flange that
contacts the bearing adapter. The stiffness of a cylinder with this area and with the
thickness of the bearing adapter was then calculated using equation 4.11:
AE
k- , (4.11)
t
where t is the thickness of the cylinder, A is the area of the cylinder and E is the Young's
modulus of steel. Springs with a portion of this stiffness were then attached to the
bearing's flanges. The springs used were nonlinear compression only springs. These
springs can be seen in Figure 4.6.
The bolts that mount the bearing to the bearing adapter were modeled by using
beam elements. Beams with circular cross sections equal to the major diameter of the bolt
were used. Stiff linear springs (k=1E09) were then used to connect the beam to the inner
surface of the bolt holes. Spring elements with stiffness in all three degrees of freedom
had to be used in order to tie the displacement of the beam to the bolt holes. The beam
elements have to be connected with some sort of element to the cup in order for the
processor to know how the elements interact. Stiff springs merely translate the load
between the bolt holes and the beam. Since the top bolt lies on the plane of symmetry, its
diameter was scaled by the same factor as the centerline axle/cone beam model (see
section 4.4.1). At the end of the bolt beam elements, a tension only spring was used to
model the remainder of the bolt. A tension only spring was chosen because the bearing
adapter is not threaded, giving the bolt no resistance to compression.
* The bearing adapter was the fixture used to hold the bearing in place during testing. In the Ford
ExplorerTM application the bearing is mounted to the car's steering knuckle.
In order to improve this model, springs could be added between the nodes on the
mounting side of the flanges and ground. The current model relies on the bearing to be
constrained in the vertical direction by the bolts that go through the flanges of the bearing.
In reality, these bolts do not carry the entire load in the vertical direction. When the flange
gets bolted to the steering knuckle of the automobile, the friction between the flange and
the steering knuckle provides a large portion of the load that prevents the bearing from
moving vertically. ABAQUS has special spring elements that provide stiffness between a
node and ground. All that ABAQUS needs is the node the spring is connected to,
direction the spring acts in and the stiffness of the spring. Addition of these springs is
suggested for any future FEA studies done on the 45mm Sensor-pacTM bearing.
Figure 4.7: Springs used to model rollers and bolts.
50
4.4 FINITE ELEMENT INPUT DECK
Once all of the modeling parameters were decided upon and calculated, a super-element
and an input deck were created. A super-element is a sub-structure that groups linearly
elastic elements together into a larger, "super," element. This is done in order to simplify
and speed up processing. The super element for this model included all of the elements
created in FAM.
The super element, however, must interact with the other elements of the model.
In order to allow for this, some of the nodes within the super element were defined to be
"retained nodes," or nodes that have their degrees of freedom retained. The retained
nodes in this model included the nodes that were in contact with the rollers, the bolt and
the bearing adapter. The retained nodes also included the nodes along the plane of
symmetry (the plane caused by the use of only a half cup model). The nodes on the plane
of symmetry were restricted to zero deflection normal to the symmetry plane. The super
element input deck is then submitted to ABAQUS where a global stiffness matrix is made
for the entire super element. The super element can then be treated like a single element in
the main level model6. A condensed version of the super element input deck, which was
submitted to ABAQUS, is located in APPENDIX C.
Once all of the linear elastic elements used to model the bearing cup were grouped
into a super element, the main input deck was created. The creation of the main input
deck consisted mainly of creating the nodes, beams and spring elements necessary to
model the cups boundary conditions. The main input deck is also where the loads on the
model are input. FEA was performed on the half-bearing model for all of the load cases
shown in Table 3-1.
6 A detailed discussion of how a global stiffness matrix is created can be found in Zienkiewicz, O.C., FRS
The Finite Element Method 3 rd Edition McGraw-Hill 1983 p. 164
Table 3-1: FEA load levels.
Outboard Inboard
Turn (av/g) Fx Fy Mz Fx Fy Mz
0 0 725 0 0 725 0
0.2 -178 863 -2346 122 586 1613
0.4 -411 1002 -5427 189 447 2493
0.6 -700 1141 9241 200 308 2639
0.8 -1045 1280 -13789 155 169 2051
An input deck was created for each of these load cases and then submitted to ABAQUS.
The results from ABAQUS where then brought back into FAM in order to create color
plots of strain information ABAQUS calculated.
4.5 FEA RESULTS
The finite element analysis proved to be a very useful means of predicting strain sensitive
regions of the bearing. Figures 4.8-4.11 show the results for a 0.4 g inboard load case.
Figure 4.8: Front view of yy, for 0.4 g loads on the inboard bearing.
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Figure 4.9: Side view of E, for 0.4 g loads on the inboard bearing.
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Figure 4.10: Front view of , for 0.4 g loads on the inboard bearing.
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Figure 4.11: Side view of e,, for 0.4 g loads on the inboard bearing.
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These plots show that there are high strain regions on the cup's raceways, on the flanges,
and on the inner flat region between the raceways. Analysis of these results was extremely
useful for deciding where to place strain gages, and in verifying the readings taken by the
gages.
5. SENSOR SELECTION
The first step in relating strain in a bearing to the loads occurring at the tire/road interface
of an automobile is to decide which element of the bearing is the best place to measure
strain. The cone and rollers of an automotive bearing were not chosen because they are
the rotating elements in a driven wheel or live axle application. Extracting information
from these rotating components is a much more complicated problem than extracting
information from the non-rotating cup. Extracting information from the cup can be done
by simply running wires to the sensors mounted on the cup. Extracting information from
rotating components would consist of a much more complicated and more expensive
system. The Timken Company also already extracts speed information from the bearing
through wires routed to the bearing cup. Adding a few wires to the bundle of wires
already going to the bearing cup does not make the bearing significantly more complex.
5.1 STRAIN GAGE LOCATIONS
The locations for the strain gages on the bearing cup were chosen by looking at the results
of the Finite Element Analysis and from estimating the load zones on the 45mm Sensor-
pacTM bearing. The FEA showed that there were regions of high stress on the flanges of
the cup, the inner diameter flat (I.D. flat) and the raceways. This is shown in Figures 4.8-
4.11. The knowledge of this led to the design of the first two test bearings, which studied
the strains on the flanges and the I.D. flat. The strain on the raceways was not studied
since gages could not be placed on the raceways without interfering with the performance
of the bearing, and without being destroyed by the passing rollers.
The first bearing tested was named the alpha bearing. The alpha bearing had strain
gage rosettes mounted on two of its flanges and three single element gages mounted on
the outer diameter of the cup. The alpha bearing is shown in Figure 5.1.
Figure 5.1: Alpha bearing strain gage locations.
Strain gages #1, 2, and 3 comprise a 450 rectangular strain gage rosette (also known as a
90' rectangular rosette). Strain gages #4, 5, and 6 comprise a second 450 rectangular
strain gage rosette. Both of these rosettes are mounted on the alpha bearings as shown in
Figure 5.1 (the gages are shown such that they are longer along their active lengths).
Gages 7, 8, and 9 are located on the non-mounting side of the cup's outer diameter. The
active length of gages 7, 8, and 9 are situated parallel to the axis of the bearing. All the
gages used on the alpha bearing are constantan gages on a flexible cast polymide backing
film. The length of all the gages on the alpha bearing is 1/32 of an inch. This length was
chosen to be less than 1/10 available space between the fillet radius and the bolt hole. By
minimizing the length of the strain gage, the strain level indicated will be closer to an
actual strain, whereas a long strain gage will provide an average strain over a larger area.
The second bearing that was tested was the beta bearing. The beta bearing had 900
T-shaped strain gage rosettes mounted on the bearing's I.D. flat (inner diameter flat).
Gages 1, 3, and 5 are mounted such that their active lengths are parallel to the axis of the
bearing. Gages 2, 4, and 6 are mounted such that their active lengths are along the
circumference of the cup's inner diameter. The gages are made of the same material as the
alpha bearing, but the gage length chosen for these gages was 1/16 of an inch. Figure 5.2
shows the strain gage locations for the beta bearing.
Gage #9 spaced 120 deg.
from #7 and #8
Figure 5.2: Beta bearing strain gage locations.
The final design tested is known as the load washer design. Figure 5.3 shows the layout
of the load washers.
Figure 5.3: Top and side view of loadwasher.
These loadwashers have strain gages located 180 deg. apart on the outer diameter of the
washer. These load washers are placed around the mounting bolts of the 45mm Sensor-
pacTM bearing, in between the flanges of the bearing and the steering knuckle of the car (or
the bearing adapter of the test rig). The mounting configuration of the loadwashers is
shown in Figures 5.4 and 5.5.
Figure 5.4: Side view of load washer.
Figure 5.5: Placement of load washers on mounting side of bearing.
5.2 STRAIN GAGE SELECTION
In order to select the strain gages for all three of the testing configurations, certain criteria
had to be identified. The following chart shows the criteria that were used for selecting the
strain gages for the alpha bearing.
Table 5-1: Strain Gauge Selection Criteria for the Alpha Bearing.
Gauge length
Temperature Range
Environmental Factors
Temperature Compensation
Dynamic vs. Static Strain
Range of strain
Fatigue life
1/32in
-20 to 500 deg. F
Oil, grease
Temperature compensated for steel
Primarily Dynamic
Micro strain
106 cycles
The only differences in these criteria for the beta bearing and for the loadwashers were the
gage lengths.
5.3 MOUNTING PROCEDURE
The mounting of the strain gages was an extremely tedious procedure. On the alpha
bearing, the gages had to be mounted on surfaces that weren't finished. In order to mount
the gages, the surface of the flanges was lightly ground, taking off a minimal amount of
material. For the beta bearing and for the loadwashers, the surfaces where the gages were
to be mounted already had a smooth enough surface and needed no further grinding.
The first step in mounting the strain gages was to plan out how the lead wires
would be attached to the gages. Since the lead wires were too thick to attach to the
soldering tabs on the gages, larger terminals would also be mounted on the bearing or load
washer. Once the wiring layout was established the surfaces of the bearing was cleaned
thoroughly. Any grease, oil or dirt on the bearing surface could prevent the strain gages
from being mounted properly to the bearing. Acetone was used as a degreaser to clean off
the surface. Next, phosphoric acid was used to further clean and condition the bearing
surface. The surface was then lightly sanded using 400 grit sandpaper. A neutralizing
agent was then used to clean off the surface after the sanding. At this point the surface
was considered ready for the attachment of the strain gages.
A heat curing adhesive known as M-Bond 6 10TM was then applied to the mounting
side of the gages and the terminals. The gages and terminals were then positioned on the
desired surface. The alignment of the strain gages in the proper directions is extremely
important. The correct orientation of a strain gage is crucial for accurate strain
measurement, since a strain gage is designed to only be sensitive to strain in a specified
direction. In order to minimize strain gage misalignment, the mounting of the gages all
took place underneath a microscope. The gages used all came with axes on them in order
to align the gages accurately. Once the gages were in place the adhesive was left to air
dry for about a half an hour.
Before heat curing the adhesive, the gages and the terminals were clamped in place. It is
extremely important to be careful while clamping the gages, since the adhesive is only
lightly holding the gages in place. In order to guard against the gages shifting during
clamping a layer of Teflon and then a layer of rubber were placed in between the gages
and the clamps. Once the gages were all clamped in place the bearing or load washer was
heated to 325 deg. F for 2 hours and then allowed to cool back to room temperature.
After the strain gages had cooled back to room temperature, the resistance of the gages
was checked. During the mounting and curing of the adhesive damage may have occurred
to the gages. If the resistances of the gages were still at the nominal value, the wires
linking the gages to the terminals were added. In order to do this, balls of solder were
added to the tabs of the strain gages and to the terminals. This part of the strain gaging
was extremely delicate, since touching the active part of the strain gage with the soldering
iron would destroy the gage. Also, if any solder got on the active part of the gage, the
gage would short out. In order to prevent this, the gages were covered with drafting
tape. The soldering tabs of the gages, however, were left exposed. The soldering tabs on
the gages and the terminals were then rubbed with pumice powder (a mild abrasive) to
remove any oxidation and to help the surface bond to the solder. Balls of solder were then
carefully added. Thin single conductor wire was then run between the tabs and the
terminals. The wire was first soldered to the tabs and then tacked down using Loctite T M
382 TakPakTM Instant Adhesive along its route to the terminals. Careful planning of the
layout of these wires was crucial, since numerous wires had to be routed through minimal
space. Once all of the wires were laid down and soldered to both the tabs and the
terminals, the lead wires running between the terminals and the data acquisition system
were added. For these wires twisted pairs were used. At this point the resistance of the
gages was checked once again to ensure that all of the solder connections were good. The
final step was to protect the gages and wiring by coating them with a lacquer. Numerous
coats of lacquer were added in order to protect the delicate gages from scratches.
6. TESTING PROCEDURE
The testing procedure for the bearing test rigs is shown Table 6-1.
Table 6-1: Testing procedure for tests performed on the bearing test rigs.
Step # Description
1 Check that the bearing is securely mounted.
2 Turn on spindle and set spindle speed to 760 RPM.
3 Take initial voltage readings of each strain gage being examined.
4 Apply default radial and cornering loads.
5 Start DAQ program.
6 Run test cycle.
7 Record data.
6.1 LOADING ROUTINES FOR RIG TESTS
The testing performed on the alpha bearing, the beta bearing and the loadwashers
consisted of two minute 0.2g loading increments. The first round of testing was
performed on the beta bearing. The tests on the beta bearing began with a load of 0.2g
and this load was changed in 0.2g increments over a span of eight minutes with the last
increment being at 0.8g. After testing the beta bearing, the testing sequences were altered
slightly for the alpha bearing and loadwashers. The loading routines for the alpha bearing
and the loadwashers were ten minutes in length and began with a two-minute interval at
the Og load level (corresponding to straight line driving.). Figures 6.1-6.12 show the
different loading routines performed on the three different strain gage configurations.
The load labeled thrust load in the loading diagrams is the same as the cornering
load mentioned earlier. This thrust load is being applied by the test rig at distance of 13.2
inches from the bearing centerline (corresponding to the radius of the radius of a Ford
Explorer TM tire.). Applying the thrust load at this distance creates the overturning
moment that occurs during cornering. Figures 3.2, 3.3 and 3.4 show the application of the
thrust load (cornering load) by the test rig.
The first test performed on each strain gage configuration consisted of a
combination of both the thrust load and the radial load that the 45mm Sensor-pacTM
bearing experiences during the different turning rates. The second test consisted of
applying the thrust load that occurs for those same turning rates while the radial load was
kept constant at zero. The third test reversed this, the radial load that occurs at those
same turning rates was applied while the thrust load was kept constant at zero. These
tests were aimed at determining the response of each strain gage to the individual thrust
and radial loads, as well as determining the effects of applying these loads simultaneously.
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Figure 6.1: Loading routine for testing performed on the beta bearing. Load levels for inboard bearing
during different turning rates (measured in terms "g").
m K
2600
Load (lb.) 2400
2200
2000
1800
1600
1400
1200
1000
800
600-
400 
- Thrust Load 
-
200 -
2 4 6 8 10 Time (min.)
Load in "g" /-Og -- .0. 4g0. - .6g--+ -O8
Figure 6.2: Loading routine for testing performed on the alpha bearing and the loadwashers. Load levels
for inboard bearing during different turning rates (measured in terms "g").
Figure 6.3: Loading routine for testing performed on the beta bearing. Load levels for inboard bearing
during different turning rates (measured in terms "g").
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Figure 6.4: Loading routine for testing performed on the alpha bearing and the loadwashers. Load levels
for inboard bearing during different turning rates (measured in terms "g").
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Figure 6.5: Loading routine for testing performed on the beta bearing. Load levels for inboard bearing
during different turning rates (measured in terms "g").
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Figure 6.6: Loading routine for testing performed on the alpha bearing and the loadwashers.
for inboard bearing during different turning rates (measured in terms "g").
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Figure 6.7: Loading routine for testing performed on the beta bearing. Load levels for outboard bearing
during different turning rates (measured in terms "g").
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Figure 6.8: Loading routine for testing performed on the alpha bearing and the loadwashers. Load levels
for outboard bearing during different turning rates (measured in terms "g").
Figure 6.9: Loading routine for testing performed on the beta bearing. Load levels for outboard bearing
during different turning rates (measured in terms "g").
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Figure 6.10: Loading routine for testing performed on the alpha bearing and the loadwashers. Load
levels for outboard bearing during different turning rates (measured in terms "g").
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Figure 6.11: Loading routine for testing performed on the beta bearing. Load levels for outboard bearing
during different turning rates (measured in terms "g").
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Figure 6.12: Loading routine for testing performed on the alpha bearing and the loadwashers. Load
levels for outboard bearing during different turning rates (measured in terms "g").
7. RESULTS
This section contains the results from the tests performed on the alpha bearing. The
results for the beta bearing, and the loadwashers can be found in APPENDIX D. Voltage
data was collected from these three strain gage configurations for testing routines outline
in Section 6.1. The voltages recorded were then converted into strain using equation 3.1.
The strain gage data and the load cell data were then plotted versus time. There was no
filtering performed on any of the data collected. In the plots that follow, the left vertical
axis is strain, and the right vertical axis is load. The radial and thrust loads applied to the
bearings (measured by the test rig's load cells) are plotted along with strain data from the
gages being tested. In order to make the plots easier to interpret the strain data from only
two gages is shown on each graph. Table 7.1 shows the order in which the data is
presented
Table 7.1: Testing routines performed.
Inboard Bearing Combined Radial and Thrust Loads
Thrust Load Only
Radial Load Only
Outboard Bearing Combined Radial and Thrust Loads
Thrust Load Only
Radial Load Only
The term inboard bearing means that the load levels for this series of tests
corresponds to the load levels seen by the bearing mounted on the inboard wheel during a
turn. Likewise, the outboard bearing corresponds to the bearing which is mounted on the
outboard wheel during cornering. A chart of the loads experienced by the inboard and
outboard wheel of an automobile during different turning rates can be found in Table 2-1.
The data for the "Combined Radial and Thrust Loads" corresponds to tests where the
radial and thrust loads were varied from Og to 0.8g in 0.2 g increments. The data for
"Thrust Load Only" corresponds to data where the radial load was held constant at zero,
while the thrust load was cycled from Og to 0.8g. The data for the "Radial Load Only"
corresponds to data where the thrust load was held constant at zero, while the radial load
was cycled from Og to 0.8g. These tests are aimed at determining the sensitivity of each
gage location to both radial and thrust loads.
Unfortunately, during the mounting of the alpha bearing onto the test rig, the
rosette containing gages 4,5, and 6 was inadvertently scraped off of the bearing flange.
Gage 4 from the beta bearing was also damaged during the course of the experiments. No
strain data was collected from these gages.
Interpretation of the data for all three strain gage configurations can be found in
the Discussion section of this paper.
Figures 7.1 and 7.2: Alpha Bearing- Inboard Wheel -Combined Radial and Thrust Load
(top) Thrust Load Only (bottom).
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Figure 7.3: Alpha Bearing- Inboard Wheel -Radial Load Only.
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Figures 7.4 and 7.5: Alpha Bearing- Inboard Wheel -Combined Radial and Thrust Load
(top) Thrust Load Only (bottom).
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Figure 7.6: Alpha Bearing- Inboard Wheel -Radial Load Only.
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Figures 7.7 and 7.8: Alpha Bearing- Inboard Wheel -Combined Radial and Thrust Load
(top) Thrust Load Only (bottom).
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Figure 7.9: Alpha Bearing- Inboard Wheel -Radial Load Only.
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Figures 7.10 and 7.11: Alpha Bearing- Outboard Wheel -Combined Radial and Thrust
Load (top) Thrust Load Only (bottom).
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Figure 7.12: Alpha Bearing- Outboard Wheel -Radial Load Only.
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Figures 7.13 and 7.14: Alpha Bearing- Outboard Wheel -Combined Radial and Thrust
Load (top) Thrust Load Only (bottom).
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Figure 7.15: Alpha Bearing- Outboard Wheel -Radial Load Only.
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Figures 7.16 and 7.17: Alpha Bearing- Outboard Wheel -Combined Radial and Thrust
Load (top) Thrust Load Only (bottom).
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Figure 7.18: Alpha Bearing- Outboard Wheel -Radial Load Only.
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The results presented so far have been presented graphically, as strain and load versus
time. This form is good for visualization of the data, yet is not that useful for use in a
vehicle control system. The ideal format for the strain gage results is a matrix equation
relating the measured strain to the loads that are occurring at the tire/road interface. This
relationship is shown in equation 7.1,
AG=F, 7.1
where F is a 2x1 matrix of the loads on the bearing, A is a 2xn matrix of coefficients and G
is a nxl matrix of the strains measured at the bearing. The value for n depends on the
number of gages that were chosen for use in the matrix. In the case of the alpha bearing
this is n=3. For the alpha bearing, gages #1, 2, and 3 were chosen to provide the strain
gage readings (the rosette containing gages #4, 5, and 6 was destroyed during the
mounting of the bearing and gages #7, 8, and 9 showed little response to any of the
applied loads.)
In order to produce the matrix A, the first step was to determine the relationship
between the loads applied to the bearing and the strain that was measured for each gage.
The relationship between applied radial load and strain for each gage was determined by
using the strain gage data collected during tests in which only radial loads were applied to
the bearing. The relationship between the applied cornering load and strain for each gage
was determined by using the data collected when only the cornering loads were applied to
the bearing. Since the relationship between load and strain is linear for a steel bearing,
these coefficients were found by dividing the measured strain by the applied load. These
strain/load coefficients were then used to produce the matrix "T" in equation 7.2,
G=TF. 7.2
The expanded version of equation 7.2 is shown in equation 7.3,
G1  Tl T12
G 2  T21 T 2 2 7.3
[F,
Gn Tn, Tn2
This equation is easily solved for n = 2, yet for n > 2 the system is overdetermined. In the
overdetermined case, the number of equations is greater than the number of unknowns.
Physically this can be thought of as trying to describe a line by using n points, where n is a
number greater than 2. If it is possible to draw a straight line through all n points, than the
matrix can be reduced to 2 by 2 matrix. More data points are unnecessary since they add
no new information. If, however, you cannot draw a straight line through all n points,
than all of the points are necessary and somehow need to be accounted for. This is the
case for the data taken for the alpha bearing. In the case of the alpha bearing, the T matrix
is a 3x2 matrix, making the matrix formula G=TF overdetermined. Since it is
overdetermined, it is impossible to find an exact answer for F. In order to find the best
approximation for F, a least squares approximation for F will be determined. The process
for determining the least squares solution for a matrix equation is outlined below.
In order to isolate the loads on one side of the equation, some linear algebra needs
to be performed. Since T is a rectangular, non-invertible matrix, the inverse of T can not
be taken. In order to get around this, both sides of equation 7.3 can be multiplied by the
transpose of T, TT. This results in equation 7.4,
TTG=(TTT)F. 7.4
The multiplication of T by TT produces a 2x2 invertible matrix as long as the matrix T has
independent columns (which it does in the case of the bearings tested.). Now the matrix F
can be isolated simply by multiplying both sides of equation 7.4 by the inverse of TTT,
(T TT) - . This resulting equation is shown below,
(T TT) -1 T G=F 7.5
Equation 7.5 can then be simplified into equation 7.1, by giving the name "A" to the
matrix created when TT is multiplied by (TTT) -'. This final relationship can then be used to
predict the loads occurring at the tire/road interface of an automobile by strain gage
readings taken at the bearing cup.
In order to demonstrate the usefulness of constructing these matrix equations, the
matrix equation produced for the alpha bearing will be discussed. The final matrix
equation for the alpha bearing, AG=F, is shown below
-5.28x10 5  -5.78x106 2.95x107 G
-3.17x10 5  2.06x10 6  1.14x10 7  G2 c 7.6
The equation that was produced for the alpha bearing, equation 7.6, proves to be fairly
accurate. In order to show this, the strains on the bearing during the combined loading
tests will be used to form the matrix G. For the inboard bearing at the arbitrary time
t=420 sec., the resulting matrix G is:
G] 5x10-5 7.7
G 2 = 9x10-5
G 3 4x 10-5
When this G matrix is used to predict the applied loads on the inboard bearing, the result
is the matrix F:
[F [ 634'F 625
The loads that were actually applied to the inboard bearing at time t=420 sec. are:
7.9
FFor the outboard bearing at the same time t=420 sec., the matrix G is:[625
For the outboard bearing at the same time t=420 sec., the matrix G is:
7.10G]
G2
G3
7.8
This G matrix predicts the following loads on the outboard bearing at time t=420 sec.:
7.11
[F ]=[2253F -2183
The actual loads that were applied to the outboard bearing at t=420 sec. are:
actual [2300] 7.12
Fa ctua  -1700 b
An interpretation of these results can be found in the Discussion section that follows.
8. DISCUSSION
Discussion of the results from these rig tests will be divided into sections for each strain
gage configuration tested. The results for the alpha bearing will be discussed first.
8.1 ALPHA BEARING
During the inboard loading tests, gages 1 and 2 show a higher response to thrust load than
to radial load. Gage 3 also responds more to thrust load than to radial load, but in the
case of gage 3 the difference in response to thrust and radial loads is not as pronounced as
in gages 1 and 2. Gages 7, 8, and 9 that are located on the outside of the bearing cup,
show little response to both the radial and thrust loads.
The outboard tests also had gages 1 and 2 responding more to thrust load than to
radial load. For a 2250 lb. change in thrust load there is a change in strain in gage 2 of
9x10 -4 and in gage 1 of 2x10 -4 . In the combined loading test, a 2250 lb. change in thrust
load coupled with a 2500 lb. change in radial load, produces a change in strain in gage 2
equal to 1.15x10-3 and in gage 1 equal to 3.8x10 -4 . As with the inboard loading tests,
gages 7, 8, and 9 showed no clear response to the applied load.
The most important result from the testing is the matrix equation that predicts the
applied loads from the measured strain. The equation that was produced for the alpha
bearing, equation 7.6, proves to be fairly accurate at predicting the radial loads, yet less
accurate in predicting the cornering loads. In the previous section, the alpha matrix
equation was used to predict the loads being applied to both the inboard and outboard
bearing at an arbitrary time, t=420 sec. The accuracy of the predicted loads can be found
in Table 8-1.
Table 8-1: Percent error in alpha bearing load predictions at time, t=420 sec.
Inboard Radial Load 1.4%
Inboard Cornering Load 25%
Outboard Radial Load 2.0%
Outboard Cornering Load 28%
8.2 BETA BEARING
During the inboard loading tests, gages 1, 2, 5, and 6 all show greater response to thrust
load than to radial load. The difference in response between radial and thrust load in these
locations, however, is not as dramatic as was seen in the alpha bearing. For gage 3,
response to both radial load and thrust load is too low to be distinguished from the
interference in the signal.
For the outboard tests, gages 2 and 6 responded the most out of all the gages on
the beta bearing, for changes in thrust load. The problem with the response of these
gages, is that these locations also display response to changes in radial load. In an actual
vehicle, it would be hard to tell what load is causing strain in these gages. Gages 1 ,3, and
5 turned out to be poor gage locations, the responses of these gages to both thrust loads
and radial loads were small and also heavily coupled.
8.3 LOADWASHERS
The data from the loadwashers showed that gages 1,2,4, and 6 were all in good locations
for monitoring the changes in the applied load. These gages showed larger responses than
any of the alpha bearing or beta bearing gages showed. Gages 3 and 5, however, did not
show any clear response to the applied loads. In addition to not responding to the applied
loads, the signals from these gages also showed terrible interference. The interference
seems to have been caused by more than one source, since the frequency of the
interference is not clear. One possibility is that it is 60 Hz interference, which has been
aliased due to the low 5Hz sampling frequency. This cause was not investigated further,
but it would be good to use a higher sampling rate in the future in order to eliminate
aliasing.
9. CONCLUSIONS AND RECOMMENDATIONS
The main conclusion from this research is that predicting the loads occurring at the
tire/road interface of an automobile can be done at the bearing. The matrix produced for
the alpha bearing, which predicts the applied load from the measured strain, was not
extremely accurate, yet the results did show promise. This project was not intended to
produce a load sensing bearing, it was aimed at deciding whether or not it is worth the
time and money of the Timken Company to investigate this area further. This project has
convinced me that the bearing can be turned into a load sensing device, without having to
make any serious modifications to it's current geometry or functionality.
In order to improve future research in the area of load sensing automotive
bearings, the first step is to improve the testing apparatus. The automotive test rigs used
in these experiments had a poor feedback loop, making the load level changes slow and
inaccurate. Future test rigs should also be modified to allow for the application of braking
forces. In this experiment the effects of braking forces could not be investigated due to
the inability of the test rigs to apply these loads. Testing should also be performed on
bearing mounted in an automobile that has been equipped with load sensing wheel hubs.
These load sensing wheel hubs are currently way too expensive for use in a production
automobile, yet they are sold to car manufacturers for testing vehicle performance.
Loading data could be collected from both the strain gage bearings and the load sensing
wheel hub and then compared with each other.
In addition to improving the testing apparatus, the bearings being tested could also
be improved. Using shielded cables from the gages to the signal conditioners could lower
the interference measured from the strain gages. Future bearings could also be equipped
with digital strain gages, in order to eliminate interference. Additional testing should also
be performed on the load washers. In these tests the orientation of the load washers
should be changed (the washers should be rotated about their centerline) in order to
determine the best orientation for the gages. Commercially available load washers could
also be tested. These off-the-shelf load washers could greatly increase the load measuring
sensitivity while also reducing the interference. Testing should also be done on load
sensing bolts. These bolts have strain gages mounted internal to the bolt and are readily
available from numerous load cell manufacturers.
In conclusion, this work suggests that future research on load sensing bearings will
be worthwhile. The next phase of research should consider how to design bearing
assemblies optimized for efficient force sensing, with an eye towards future commercial
applications.
APPENDIX A: DAQ COMPONENTS
From National Instruments:
Product Name Product # Qty. Price
(Product Description)
5B Series backplane 776291-11 1 $360
(w/0.4m NB7 cable for SC-205X Series)
5B38 Strain Gauge Input Modules 776342-03 9 $180ea
(Half Bridge w/3.333V excitation)
5B Series power supply 776237-05 1 $260
(+5VDC, 5A, 115AC source)
SC-2055 Cable Adapter 776335-95 1 $100
(w/o cable)
DAQCard-700 and NI-DAQ 776985-01 1 $595
(for Windows 95)
PR50-50F 182799-0R5 1 $75
(0.5m female ribbon cable)
LabVIEW Full Development System 776800-07 1 $1995
(on 3.5in disks)
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APPENDIX C: SUPER ELEMENT INPUT DECK.
*HEADING
Super Element Input Deck
*SUPER,ID=Z0001
*NODE,NSET=CUP
1 0.47932 -1.95065 0.00000
2 0.55740 -1.97100 0.00000
3 0.42110 -1.89479 0.00000
4168 1.32000 2.85101 0.32742
4169 1.36420 2.92675 0.17144
4170 1.36420 2.85101 0.32742
*NSET,NSET=LBOL
1077, 1092, 1102, 1110, 1124, 1132, 1141, 1145, 1157, 1158, 1168,
1177, 1186, 1191, 1203, 1209, 1215, 1224, 1227, 1228, 1241, 1242,
1250, 1253, 1257, 1263, 1266, 1271, 1279, 1283, 1287, 1288, 1291,
1299, 1305, 1309, 1313, 1327, 1333, 1335, 1339, 1349, 1352, 1358,
1359, 1364, 1368, 1369, 1381, 1384, 1393, 1403, 1406, 1415, 1417,
1419, 1420, 1429, 1434, 1435, 1450, 1451, 1460, 1462, 1478, 1480,
1489, 1492, 1502, 1509, 1510, 1512, 1523, 1530, 1531, 1540, 1552,
1554, 1556, 1564, 1565, 1566, 1576, 1581, 1589, 1592, 1596, 1599,
1603, 1607, 1610, 1613, 1621, 1627, 1633, 1641, 1645, 1651, 1667,
1669, 1682, 1683, 1688, 1690, 1702, 1707, 1721, 1731, 1740, 1746,
1750, 1759
*NSET, NSET=LBMS
1060, 1072, 1080, 1123, 1135, 1205, 1219, 1296, 1321, 1388, 1402,
1458, 1471, 1520, 1527, 1544
*NSET, NSET=UBOL
3726, 3763, 3800, 3816, 3831, 3841, 3860, 3864, 3883, 3885, 3889,
3894, 3900, 3907, 3912, 3923, 3927, 3932, 3934, 3938, 3943, 3950,
3951, 3957, 3965, 3966, 3968, 3972, 3975, 3980, 3982, 3985, 3993,
3998, 4002, 4003, 4007, 4009, 4015, 4020, 4023, 4032, 4035, 4039,
4040, 4052, 4057, 4061, 4064
*NSET NSET=UBMS
3692, 3799, 3871, 3919, 3944, 3961, 3967
*NSET,NSET=UBOE
3638, 3686, 3732, 3774, 3815, 3847, 3858, 3964, 3978, 3994, 4010,
4028, 4044, 4055
*NSET, NSET=UBCO
3612, 3955
*NSET, NSET=LFMS
61, 63, 67, 115, 148, 191, 299, 319, 343, 515, 534,
545, 694, 736, 745, 752, 798, 838, 894, 919, 925, 941,
957, 975, 977, 983, 1015, 1028, 1034, 1039, 1069, 1079, 1093,
1105, 1150, 1178, 1201, 1280, 1284, 1289, 1293, 1325, 1330, 1407,
1421, 1424, 1454, 1477, 1500, 1521, 1548, 1580, 1584, 1601, 1614,
1638, 1678, 1680, 1695, 1713, 1730, 1745, 1815, 1882, 1945, 1946,
1947, 1978, 2151, 2155, 2159, 2350, 2368, 2389, 2630, 2707, -2793,
2927, 2937, 2949
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*NSET, NSET=UFMS
3478, 3486, 3500, 3570, 3644, 3647, 3663, 3675, 3697, 3737, 3752,
3777, 3779, 3832, 3846, 3872, 3893, 3898, 3906, 3922, 3928, 3959,
3962, 3989, 3990, 3995, 4016, 4024, 4041, 4046, 4071, 4079, 4097,
4098, 4121, 4133, 4135
*NSET,NSET=UFME
3359, 3540, 3979, 4029, 4078, 4115
*NSET,NSET=NFIX
1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11,
12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22,
23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33,
35, 37, 38, 41, 42, 43, 44, 45, 47, 48, 49,
50, 53, 55, 56, 57, 62, 64, 66, 69, 70, 71,
81, 84, 85, 86, 88, 89, 93, 95, 96, 98, 108,
109, 116, 117, 118, 123, 129, 132, 133, 135, 138, 151,
152, 153, 156, 157, 173, 175, 178, 182, 189, 197, 198,
205, 212, 221, 226, 228, 231, 236, 241, 250, 257, 259,
264, 266, 275, 287, 290, 292, 294, 302, 314, 325, 334,
335, 346, 347, 355, 358, 380, 382, 384, 386, 387, 400,
411, 412, 416, 418, 419, 427, 435, 438, 443, 444, 453,
457, 467, 477, 491, 492, 494, 496, 498, 500, 510, 541,
2331, 2370, 2373, 2375, 2377, 2378, 2380, 2384, 2416, 2440, 2442,
2470, 2473, 2490, 2502, 2510, 2512, 2515, 2518, 2530, 2564, 2576,
2594, 2605, 2618, 2656, 2658, 2660, 2667, 2682, 2692, 2706, 2708,
2722, 2733, 2759, 2784, 2786, 2790, 2806, 2825, 2829, 2839, 2844,
2856, 2874, 2876, 2882, 2896, 2900, 2916, 2919, 2920, 2923, 2940,
2947, 2954, 2958, 2971, 2982, 2983, 2990, 2996, 3010, 3015, 3023,
3028, 3039, 3046, 3049, 3059, 3065, 3068, 3072, 3087, 3091, 3094,
3099, 3106, 3113, 3125, 3128, 3140, 3145, 3165, 3171, 3175, 3176,
3184, 3194, 3201, 3244, 3250, 3251, 3253, 3261, 3264, 3268, 3283,
3291, 3295, 3298, 3319, 3321, 3331, 3332, 3336, 3341, 3350, 3354,
3359, 3385, 3388, 3390, 3391, 3395, 3398, 3399, 3407, 3415, 3420,
3432, 3435, 3437, 3451, 3459, 3472, 3480, 3481, 3490, 3493, 3514,
3536, 3538, 3540, 3548, 3554, 3568, 3571, 3588, 3608, 3611, 3612,
3617, 3634, 3638, 3648, 3658, 3673, 3686, 3710, 3732, 3761, 3774,
3806, 3815, 3819, 3847, 3858, 3955, 3964, 3978, 3979, 3987, 3994,
4005, 4010, 4017, 4028, 4029, 4033, 4038, 4044, 4048, 4054, 4055,
4067, 4068, 4073, 4078, 4081, 4086, 4092, 4094, 4105, 4107, 4111,
4115, 4116, 4120, 4127, 4129, 4136, 4138, 4144, 4148, 4157, 4161,
4162
*NSET,NSET=ROLLT
2378 2377 2375 2373 2370 2605 2708 2825 2940 3068
*NSET,NSET=ROLL
2543 2569 2428 2234 1995 1630 1099 733 433 214 2537 2560 2425 2236 2007 1662
1152 774 486 2602533 2551 2423 2241 2019 1693 1204 818 543 31325252545
2419 2245 2031 1726 1256 857 601 372 2520 2538 2414 2250 2039 1757 1308 901
645 432 2783 2802 2657 2400 2173 1920 1525 1067 785 583 2897 2917 2776 2485
2220 1956 1574 1096 799 585 3037 3058 2889 2588 2272 1994 1615 1128 808 588
3169 3202 3021 2687 2315 2034 1666 1164 814 592 3330 3357 3155 2791 2367 2073
1712 1192 824 596
*ELEMENT, ELSET=CUP,TYPE=C3D8R
1 3568 3671 3726 3638 3540 3644 3692 3612
2 3671 3802 3816 3726 3644 3777 3799 3692
3 3802 3886 3883 3816 3777 3872 3871 3799
101
3169 83 54 39 59 186 146 124 155
3170 43 25 12 24 114 83 59 87
3171 25 9 4 12 83 54 39 59
*SOLID SECTION,ELSET=CUP,MATERIAL=CUP
1.
*MATERIAL, NAME=CUP
*ELASTIC,TYPE=ISO
30000000.0 0.30000
*RETAINED DOFS
ROLLT,1
ROLLT,2
ROLL, 1,3
UBOL,1,3
UBOE,1
UBOE,2
UBCO,1
UBCO,2
UBMS,1,3
LBOL,1,3
LBMS,1,3
UFME,1
UFME,2
UFMS,1,3
LFMS,1,3
*SLOAD CASE,ID=BOUND
*BOUNDARY,OP=NEW
NFIX,3
*END SUPER
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APPENDIX D: BETA BEARING AND LOAD WASHERS TESTING RESULTS
103
Figures D. 1 and D.2: Beta Bearing- Inboard Wheel -Combined Radial and Thrust Load
(top) Thrust Load Only (bottom).
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Figure D.3: Beta Bearing- Inboard Wheel -Radial Load Only.
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Figures D.4 and D.5: Beta Bearing- Inboard Wheel -Combined Radial and Thrust Load
(top) Thrust Load Only (bottom).
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Figure D.6: Beta Bearing- Inboard Wheel -Radial Load Only.
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Figures D.7 and D.8: Beta Bearing- Inboard Wheel -Combined Radial and Thrust Load
(top) Thrust Load Only (bottom).
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Figure D.9: Beta Bearing- Inboard Wheel -Radial Load Only.
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Figures D. 10 and D. 11: Beta Bearing- Outboard Wheel -Combined Radial and Thrust
Load (top) Thrust Load Only (bottom).
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Figure D.12: Beta Bearing- Outboard Wheel -Radial Load Only.
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Figures D.13 and D.14: Beta Bearing- Outboard Wheel -Combined Radial and Thrust
Load (top) Thrust Load Only (bottom).
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Figure D. 15: Beta Bearing- Outboard Wheel -Radial Load Only.
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Figures D.16 and D.17: Beta Bearing- Outboard Wheel -Combined Radial and Thrust
Load (top) Thrust Load Only (bottom).
- Radial Load - Thrust Load - Gage #5 - Gage #6
3000
2000
1000
0
-1000
-2000
-3000
Time (sec.)
Radial Load Thrust Load - Gage #5 - Gage #
4.OE-04
3.OE-04
2.0E-04
1.0E-04
0.OE+00
-1.0OE-04
-2.OE-04
:6
- i 1000
500
0
-500
-1000 -
-1500 3
-2000
-2500
-3000
114
4.00E-04
3.00E-04
2.00E-04
1.00E-04
0.00E+00
-1.00E-04
-2.00E-04
Figure D. 18: Beta Bearing- Outboard Wheel -Radial Load Only.
Radial Load - Thrust Load - Gage #5 - Gage #6
1.4E-04 1 1 3000
1.2E-04 -
1.OE-04 -
8.OE-05 -
6.OE-05 -
4.OE-05 -
2.OE-05 -
0.OE+00
-2.OE-05 -
-4.OE-05
-6.OE-05
-8.OE-05
I I
i II I
LrLiL p~r I
11 "I 
( iI. iiL.i. IiI
- . . .. - .. . I.- - . i . I V - '' ~I
,i I __
' 00
Time (sec.)
- 2500
- 2000
1500
1000
500 -
-o 500
-500
-1000
-1500
-2000
115
I 
j 
I.1 r 1
II ui jt I I I I ll
I I 1 I
Figures D.19 and D.20: Load Washers- Inboard Wheel -Combined Radial and Thrust
Load (top) Thrust Load Only (bottom).
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Figure D.21: Load Washers - Inboard Wheel -Radial Load Only.
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Figures D.22 and D.23: Load Washers - Inboard Wheel -Combined Radial and Thrust
Load (top) Thrust Load Only (bottom).
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Figure D.24: Load Washers - Inboard Wheel -Radial Load Only.
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Figures D.25 and D.26: Load Washers - Inboard Wheel -Combined Radial and Thrust
Load (top) Thrust Load Only (bottom).
- Radial Load - Thrust Load - Gage #5 - Gage #6
1.00E-04
5.00E-05
0.00E+00
-5.00E-05
-1.OOE-04
-1.50E-04
-2.00E-04
-2.50E-04
-3.00E-04
1800
1600
1400
1200
1000:
800
600 *4
400
200
0
-200
Time (sec.)
1.0E-04
5.0E-05
0.OE+00
-5.OE-05
-1.0E-04
-1.5E-04
-2.OE-04
-2.5E-04
-3.OE-04
- Radial Load - Thrust Load -- Gage #5 -- Gage #6
I 
. 700
600
500
400
300 "
200
100
0
-100
120
Figure D.27: Load Washers - Inboard Wheel -Radial Load Only.
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Figures D.28 and D.29: Load Washers - Outboard Wheel -Combined Radial and Thrust
Load (top) Thrust Load Only (bottom).
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Figure D.30: Load Washers - Outboard Wheel -Radial Load Only.
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Figures D.31 and D.32: Load Washers - Outboard Wheel -Combined Radial and Thrust
Load (top) Thrust Load Only (bottom).
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Figure D.33: Load Washers - Outboard Wheel -Radial Load Only.
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Figures D.34 and D.35: Load Washers - Outboard Wheel -Combined Radial and Thrust
Load (top) Thrust Load Only (bottom).
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Figure D.36: Load Washers - Outboard Wheel -Radial Load Only.
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